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Matrix assisted laser desorption/ionization time-of-flight mass spectrometry 
(MALDI-TOF-MS) is a soft ionization technique for analysis of large molecular 
compounds, such as protein, peptides and polymers. However, conventional organic 
matrix could produce a lot of matrix-related fragments in low mass region (less than 500 
Da), which would limit the application of MALDI-TOF-MS in this mass region. To solve 
this limitation, zeolite was found to be applicable for MALDI-TOF-MS analysis of small 
molecules recently. In this research, conventional matrix, noble metal nanoparticles, 
semiconductor material and transition metal oxides are selected respectively as 
candidates in the development of zeolite-matrix for laser desorption/ionization mass 
spectrometry analysis of small molecules.  
Result and discussion  
1. Zeolite modified CHCA as matrix for MALDI-TOF-MS analysis of small molecular 
compounds 
Different types of zeolites modified matrix α-cyano-4-hydroxycinnamic acid (CHCA) 
were carried out as zeolite-matrix in the determination of Substance P (SubP) with 
MALDI-TOF-MS. It was found that CHCA modified by zeolites could simplify the mass 
spectrum in low-molecular-weight region and suppress alkali-metal-related fragments. 
In contrast, ZSM5 zeolite modified CHCA performed distinguishing capabilities of 
suppressing matrix related ions and enhancing the relative peak intensity of protonated 
SubP. Meanwhile, the influence of Brönsted acid sites on proton transfer was also 
investigated by comparison of proton and ammonium exchanged zeolite. Particularly, 
proton type ZSM5 zeolite (HZSM5) could work as an efficient H+ donor in analysis of 
atropine, aconitine and SubP. In addition, NH4+ exchanged of ZSM5 zeolite (NH4ZSM5) 
was considered to be beneficial for enhancement of peak intensity of phosphopeptides 
with presence of NH4+ ions. 
2. Zeolite supported silver nanoparticles as inorganic matrix for laser 
desorption/ionization mass spectrometry analysis of small molecules 
Silver nanoparticles (AgNPs) loaded on NH4+ type ZSM5 zeolite, AgNPs-NH4ZSM5, 
was developed as an zeolite-matrix for laser desorption/ionization mass spectrometry of 
low molecular compounds. The result indicated that AgNPs-NH4ZSM5 could work as an 
efficient Ag+ donor to ionize analytes and that zeolite worked as heat bath to prevent 
the destruction of AgNPs after the photoexcitation. AgNPs dispersed on zeolite surface 
enabled the ionization of compounds that are difficult to be detected with conventional 
MALDI-TOF-MS, by forming Ag+-adducted species. AgNPs-NH4ZSM5 was applied to 
biologically active substances with low molecular weight including acetylsalicylic acid, 
L-histidine, glucose, urea, cholesterol, and biological compounds in human serum. 
Additionally, it was understood that NH4+ terminated zeolite was important for loading 
AgNPs on the surface of zeolite.  
3. Selective ionization of short-chain n-alkanes using silver nanoparticles loaded on 
NH4M20 zeolites (AgNPs-NH4M20)  
Silver nanoparticles (AgNPs) loaded NH4M20 zeolite (AgNPs-NH4M20) was examined 
and was considered to be another efficient zeolite-matrix for detection of small 
molecular n-alkanes by MALDI-TOF-MS in comparison of AgNPs-NH4ZSM5. Silver 
ions as a cationization probe adducted with alkanes, including n-heptadecane (C17H34), 
n-nonadecane (C19H40), n-tricosane (C23H48), n-tetracosane (C24H50), n-heptacosane 
(C27H56), allowing qualitative study of short-chain n-alkanes by MALDI-TOF-MS. 
Zeolite has a great potential in enhancing peak intensity of Ag+ adducted n-alkanes, 
suppressing fragments, and simplifying mass spectra in low mass region. In addition, 
location and binding energies silver ion adducted to n-alkanes were investigated and 
experiment results were verified by quantum chemical calculation. 
4. Gold nanoparticles loaded on zeolite as inorganic matrix for laser 
desorption/ionization mass spectrometry of small molecules 
Gold nanoparticles (AuNPs) were loaded on zeolite to produce zeolite-matrix for the 
laser desorption/ionization mass spectrometry of low molecular weight compounds. The 
results revealed that the reproducibility of mass spectrometry measurement could be 
dramatically increased by homogeneous distribution of AuNPs on zeolite surface. 
Mordenite supported AuNPs was considered to be the most efficient zeolite-matrix in 
simplification of mass spectra and enhancement of peak intensity. Owing to the strong 
acidity of zeolite, amino acids were detected as H+- or Na+-adducted species regardless 
of their isoelectric points. AuNPs on zeolite could also be used as an efficient Au+ 
supplier. By utilizing Au+ generated from photoexcitation, the ionization of the amino 
acids mixture, urea, and acetylsalicylic acid could be selectively ionized by Au+ 
adduction.  
5. Analysis of free fatty acids in human serum using Auger effect in cadmium telluride 
(CdTe) nanoparticles loaded on zeolite  
Cadmium telluride nanoparticles (CdTeNPs), as semiconductor material, loading on the 
surface of zeolite was developed as an zeolite-matrix for the MALDI-TOF-MS analysis 
of fatty acids which were hard to be detected with conventional matrix. Auger effect in 
CdTeNPs that is beneficial for deprotonation of fatty acids was fully discussed. A 
remarkable enhancement of the peak intensity of the deprotonated ion of fatty acid and 
an improvement of the spatial distribution of CdTeNPs, which contributed to the high 
reproducibility of fatty acid ions, were observed by loading CdTeNPs on zeolite surface. 
The effect of zeolite has been investigated and it has been found that HM20 zeolite 
supported CdTeNPs (CdTeNPs-HM20) can significantly enhance the peak intensity, 
suppress aggregation of fatty acids and increase the lifetime of ejected electron from 
CdTeNPs. CdTeNPs-HM20 was successfully applied to qualitative and quantitative 
analysis of free fatty acids (FFAs) in human serum. The isotope labeled stearic acid 
(13C18-stearic acid) as internal label allowed precise measurement of free stearic acid in 
human serum. 
6. Study of zeolite modified transition metal oxide as zeolite-matrix for laser 
desorption/ionization mass spectrometry 
A comprehensive investigation of transition metal oxides modified with zeolite as 
zeolite-matrix in laser desorption/ionization mass spectrometry analysis of a variety of 
low-molecular-weight compounds was implemented. Monovalent metal ions including 
Cu+, Ni+, which could not be directly photoexcited from the surface of CuO only or NiO 
only by laser irradiation, were enriched and were stabilized by mixing with zeolite 
simply, and were clearly observed as free ions in mass spectra under the same 
experimental conditions. Those ions were regarded as selective ionization probe for 
laser desorption/ionization mass spectrometry. Small molecules including amino acids, 
alkanes, and biological compounds were selectively ionized by metal ion adducted 
species. 
Conclusion  
In this research, zeolite-matrix involving CHCA-ZSM5, AgNPs-NH4ZSM5, 
AgNPs-NH4M20, AuNPs-mordenite, CdTeNPs-HM20, NiO-HM20 and CuO-HM20 was 
successfully developed for laser desorption/ionization mass spectrometry analysis of 
various small molecules for the first time. Zeolites have exhibited plenty of merits such 
as promoting ionization efficiency, simplifying mass spectra, increasing reproducibility, 
distributing nanoparticles homogeneously, and selective ionization in MALDI-TOF-MS 
measurement. In the meantime, the properties of zeolites on development of 
























































 ナノメートルサイズの金属微粒子を MALDI 法のマトリクスをして用いた研究はすでに
いくつかの報告例があるが、それを酸化物固体表面に担持させることで、さらに高効率な
イオン化を試みた研究は今回が初めてである。とくにゼオライト表面をアンモニウムイオ
ンにより終端させることで、ゼオライトをカチオン供給のためではなく、高い格子振動密
度による熱浴として用い、金属微粒子を光励起した際の溶解を防ぐことができたという点
は極めて新しい。従来 MALDI 法では測定が困難であるコレステロールやアルカンといっ
た分子の検出も可能であることが示され、分析化学分野に大きな貢献を果たしたと言える。 
 また、半導体微粒子を光励起した際に不可避に生じるオージェ再結合過程を試料のイオ
ン化に応用した報告は極めて新しい。脂肪酸は同じく MALDI 法で測定が不可能である分
子の一つであるが、脱プロトン化イオンをして高効率に検出できている。これは、近年脂
肪酸のMALDI測定に可能性を示した有機分子（ジアミノナフタレン）を用いた結果の 30
倍程度の強度であり、開発した手法の有効性が理解できる。提案しているオージェ再結合
過程は、様々な方向から実証による検討が加えられており、正当性が示されている。その
他、CdTe微粒子をゼオライト表面に担持させることで、試料イオン化の再現性を向上させ、
ヒト血清中の定量分析を実現させたことは重要な成果である。本来レーザーイオン化法は
その測定法や装置が簡単であることから、応用範囲は広いが、検出感度や再現性に問題点
があった。開発された手法を用いることで、複雑なクロマトグラム等の装置を必要とせず、
簡便に定量分析が可能となった点は極めて新しいと言える。 
 本研究に関しては、学位論文の３章、５章が第一著者として国際物理化学系専門誌
Chemical Physics Lettersに掲載されている。さらに６章が国際分析化学専門誌との間で
査読及リバイズの過程にあり、掲載も近いと考えられる。以上から判断し、本研究は本学
の博士（理学）の学位に値するものと判断した。 
 
４ 最終試験の結果 
 本学の学位規定によって、試問及び試験を行った。論文審査委員により、本論文及び関
連分野についての試問を行った。さらに公聴会の場で論文発表を行い、分子物質化学専攻
の教員による質疑応答をもって試験にあてた。本博士論文は英語で記載されており、かつ、
欧文雑誌に第一著書として論文が掲載されていること、編集局との事務手続きを行ったこ
と考慮し、外国語の能力も十分と判断した。その結果、専門科目及び外国語について十分
な学力があることを認め、合格と判定した。 
